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PREFACE

This technical report has been prepared specifically in

connection with the Seminar on Theoretical Wave-Resistance to be

held at the University of Michigan during August 1963. This re-

port contains both new theoretical results, previously unreported,

and material previously presented in HYDRONAUTICS Technical Re-

port 117-2.
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NOTATION

a Coefficients of polynomial representing source
distribution

A (e),A (e)
2. 2

Wave amplitude functions
A(e),B(e)

b Coefficients of polynomial representing doubletn
distribution

B Beam

f,f Depths of end points of doublet distribution

FH, FL Froude numbers with respect to draft and length
respectively

g Acceleration of gravity

H Draft of ship

k = gH/V 2
0

k = gL/V2

L Lenpgth of ship

M(x) Total strength of source per unit length

m(x,z) Total strength of' source per unit area

R Ship wave resistance

S (x),S (x) Functions of x defined by Equations [4] and [5]
1 2

V Uniform velocity at

x,y,z Right handed rectangular coordinate system with
z positive upward, x in the direction of the
uniform flow velocity V, and origin on the mean
free surface

x Dummy variable indicating x coordinate of source

distribution

z Dummy variable indicating negative z coordinate

of doublet distribution
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E nPerturbation coefficients of b
n n

lls, sBCs s  Wave heights due to total ship, bow only, and
stern only, respectively

B' BF Wave heights due to infinite bulb and finite
bulb respectively

(BL = 'B- (BF

- p. Strength of doublet per unit length

Strength of quadrupole

v
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INTRODUCTION

There are two ways of looking at the merits of a bulb on a

ship. One is its effect on the interactions between the waves

themselves and the other is its effect on the ship resistance it-

self as represented by these waves. Recently Inui, Takahei, and

Kumano (1960) studied the bulbous bow ship from the former point

of view by considering the bulb as a point doublet. They paid

special attention to the 1800 phase-difference between the bulb

wave and the ship bow wave, and tried to make both amplitude func-

tions the same in order to cancel out the wave. Wigley (1936)

mentioned this wave phenomenon, but attacked the problem via the

wave resistance approach. He derived six rules for the design of

a bulb for a ship bow

This latter approach, involving the determination of the wave

resistance directly, has been the conventional one used by most

investigators. However, this generally leads to many cumbersome

mathematical calculations. On the other hand, the method dealing

with the interaction between the waves themselves can be simple

and leads to a better physical insight. Using this approach,

Takahei (1960) studied the "waveless bow" further and Kumano (1960)

investigated the "waveless stern." They tried to match up the

amplitude function of a doublet, which is a function of the doub-

let strength and the Froude number, as closely as possible with

the amplitude function of a ship. However, it was not very clear

how close the doublet distribution could be matched. It will be

shown in this report that a doublet distribution whose amplitude
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function is exactly the same as that of the ship can be found but

that it extends along a line from the free surface to infinite

depth. With such a doublet distribution at the bow and stern

the waves from the bow and stern of the given symmetric ship may

be completely canceled and the ideal fluid wave resistance of the

ship becomes zero. The semi infinite nature of the extension of

the doublet distribution need not be a serious restriction since

it will be shown that the effect of discarding that part of the

doublet distribution extending from some finite depth to infinity

can be made very small.

Further it is shown that a quadrupole distribution at the

bow and the stern in addition to the doublet distribution offers

practical advantages.

WAVES DUE TO A SHIP AND A BULB

As in the usual analysis, an Inviscid, incompressible, and

homogeneous fluid in steady flo. w]t, a free surface and of in-

finite depth is conzidered. The coordinate system C-xyz is right

handed with origin on the mean free sirface, x positive in the

direction of the uniform flo-.w veloit.y V, and z positive in the

upward direction. In this report, except in the sections on two-

dimensional streamlines the quantities x, y and other lengths ex-

cept z are non-dimensionalIzed ith respect to the ship length L;

z is non-dimensionalized ..jith respect to the draft H, and m is

non-dimensionalized with respect to V and LH. All equations are

expressed in non-dimensional form. All wave height components

are assumed to be small and additive.

2
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It is well known that a point source of strength m located

at a point (x ,O,-z ), where z > 0, produces a wave height non-

dimensionalized with respect to L at large x given by (see Have-

lock, 1951),

7r/2

s = 8kof m exp(-k z Sec2e) sec'e cos [k(x-x)sece]

0

X cos (k y sin e sec2 e) de [i]

where

k - and k - Hg
I V 0 V2

Hence, for a line distribution of sources at y = 0,

z = -z , 0 :5 x < 1 represented by the series,
2. 2.

m(x)= a n x n [21

n=O

the wave height will be

3
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ks = k m(x) exp(-k z sec'e) sec'e cos (k (x-x )sece)

0 0

X cos (k y sin e sec2 e) dx de

r/2
8k F2 [ (-° exp(-kzsece) sin (k  x sec e)s ()

3 f0 1

2. 0

- cos(k x sec e)S (0) - sin (k (x-1) sec e ) S (1)

1 2 1. 1.

+ cos ( k. (x-1) sec e ) S (I) ] cos (k y sin e sec2 e) de

[3]

with

S (a) (_1)nm(2n)(a) [4Z (k sece )2 (n-1)

n=O ]

S (a)= (-llnm(2n + 1) ( a )  5
2 z (k sece) 2 n -  [5]

n=O

4
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where

6n
m(n) (a) = nImx)

x =a
.

If we put

CS =sB + Css

where

r/2

CsB = 0 exp(-koz sec2e) sin(k x sec e)s. (o)
1. O

- cos(k x sece )s (o)] cos(k y sin e sec2e) de, [61

r/2

C 0 exp(-k z sec2e) [-sin (k (x-l)sec e) S (1)

o

+ cos (k (x-1) sec e)s (1) cos (k y sin e sec2e] d&,

17]

then CsB can be interpreted as the wave from the bow and Css as

the wave from the stern according to the idea of the elementary

wave (see Havelock, 1934a). We can see that both sB and Css are,

5
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in general, composed of sine and cosine elementary waves. Hence-

forth we will omit the word "elementary" except to avoid ambigu-

ities. In the integrand of CsB and ss, the coefficient of

sin (k x sec 0) cos (k y sin e sec2e) is called an amplitude
Cos I I

function.

For a ship of a finite draft, ts has only to be integrated

from z = 0 to z 1. In this case S i(a) may be a function of
1 1i

z

We now consider a doublet of strength -p nondimensionalized

with respect to V and LH2 located at x = 0, y = 0, z = -z . The

nondimensional wave height due to this doublet, at large x, is

(see Wigley, 1936)

r/ 2

B = -8k 2f . exp(-koz sec 2 e) sec4e sin(k x sec 6)

0

X cos (k y sin e sec2 e) de [8]
I

where (B is nondimensionalized with respect to L. Note that the

sine waves originating from the origin have a negative sign in

this case.

CONDITION OF NO WAVE RESISTANCE

We have seen from the previous section that the wave height

due to a submerged body or a surface ship may be represented at

large x by

6
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r/2

f [A (e) sin (k x sec ) + A (e) cos (k x sec e)]

0

X cos (k y sin e sec2 e) dG [91

Havelock (1934b)showed that the nondimensionalized wave resist-

ance represented by this wave system is

r/2

R = 32 j (A 2(e) + A 2 (e) )cos 3 e de [101

0

R
where R is related to the wave resistance R by R = o

2pL2V2

The Integrand of this wave resistance integral is always

positive. Hence, if there exists a ship whose wave resistance

is zero, the necessary and sufficient condition for the no wave

drag ship is

A (e) = A (0) =o, [ll]
1 2

(i.e. no wave itself). Of course the trivial solution for this

is the case of no singularity or of an infinitely thin frictionless

flat plate parallel to the uniform stream, i e. i = 0 and m = 0.

7
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However, there may be a non-trivial solution which makes

A (e) = A (e) a 0 with the proper selection of the singularity
1 2

distribution. Krein (1955) proved that there does not exist

any finite ship whose Michell's resistance (the wave resistance

represented by Michell's integral) becomes zero, but he cited a

few examples of infinite convoys whose wave resistance is zero.

In the next section we will find waveless solutions involving

the appropriate combination of a doublet distribution with a

source distribution. The basis for these is that while a posi-

tive sine wave usually starts from the bow of a ship without a

bulb, a negative sine wave starts from the surface point directly

above a bulb representable by a point doublet. This has been

checked experimentally as well as theoretically by many investi-

gators.

COMBINATION OF DOUBLET AND SOURCE DISTRIBUTION

The problem is therefore, how to find a doublet distribution

for a given or otherwise determined proper source distribution in

order to make the total wave amplitude function zero; i.e. find

the doublet distribution i(x ,z ) on the longitudinal center

plane such that for a given source distribution m(x ,z ) on the

same plane

kJ' fm(x Iz) exp(-koz Isec2 0 )sec 3G COS Ik I(x-x I)sec e]1 dx dz

-00 -00

-k 2f J4(XIz) exp(-kozse 2 e )sec 4 esin ~k (x-x )sece ]dx dz 0

-C0 -00

[12]
8
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Let us consider the simplest case first; vis., a uniform

source distribution on the line 0 < x , y = 0, z = f. To a

first approximation this represents a semi-infinite paraboloid

and is equivalent to the case of n = 0 in Equation [2]. Then

the contribution to the wave from the bow is from Equation [6]

7r/2
8k

sB = k a exp(-k f sec2e)sec2e sin (k x sec 0)J 0 0Oi 1

0

X cos (k y sin e sec2e) dG [131

Now this can be matched by a uniform doublet distribution b on0

a vertical line x = 0, y = 0, f < z < . Then the corresponding

wave height will be, by an integration of [8] with respect to z,

from f to -,

(B= - 8ko bo exp(-kof sec2 0)sec2 e sin (k x sec e)

0

X cos (k y sin 0 sec2e) dO [14]

From Equations [13] and [14] we now see that

-sB + CB = 0

9
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a
if b = 0

Thus according to this result the waves from the point on

the surface above the nose of a submerged semi-infinite para-

boloid will be completely cancelled by a vertical circular cylin-

der extending from the nose of the paraboloid to infinite depth.

This is the fundamental idea of how the wave amplitude function

can be made equal to zero.

Let us now consider a little more general case of Equation

[61; e.g., an axially symmetric body. However, the source dis-

tribution of Equation [2], which is an ordinary power series, is

not the proper one to use for the doublet distribution because

this wi.1l produce cosine terms according to Equations [6] and [7]

as well as sine terms, while our expression for the waves due to

the doublet distribution at x = C gives only sine terms. Since

there is no easy way to make the amplitude function of the cosine

terms A (e) of Equations [9] and [10] equal to zero by combination
2

with a doublet distribution, one thing to do is to employ source

distributions which do not give cosine terms. The other idea is

to consider a different singularity distribution which produces

cosine waves as well as sine waves to cancel ship waves This

will be discussed later.

With reference to Equations [2], [81, [51, and [6], we note

that m(o)(0) = a m(1)(O) = 2!a ----i m(2n)(o) = (2n)!a and
0 2 2 n

m(l)(0) = a ..... m(2n + 1)(0) = (2n + 1)! a [15]
2n +

10
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i.e., S (0) is related to only the even powers of the series [2]

while S (0) is related to only the odd powers of the series. The
2

amplitude function of the sine terms in Equation [6] is

8k
_ exp(-k z sec2e) S (0),
k 3  0

and that of the cosine terms,

8k
_2 exp(-k z sec e) S (o).

We now see that a source distribution given by an even

power series does not produce cosine terms. According to Weler-

strass' approximation theorem, any continuous curve can be ap-

proximated by a polynomial in the domain 0 5 x : 1 If we con-

sider another curve in -1 x : 0, symmetric with respect to

the first about x = 0 the polynomial which represents the whole

curve in -1 x 5 1 must be an even power series. Hence we may

say any curve in 0 x 1 can be approximated by a polynomial

of even powers in the domain. Equation [21 may therefore be

written

m(x )2 x 1n [16]

n = 0

11
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If we assume that our ship is symmetric about its midsection at

x = 0.5 then m(x ) is odd with respect to this point or
1

m(C) = -m(l), m' (0) = + m' (l)

----m (n ) ( ) = ( -I )n + l e (n ) (1 ) [ 1 7 ]

Since fram Ejuation [16] m(2n+i)(C) = 0, from Equation [17]

m (2n+1) = C. Hence from Equation [5] S (C) = S (1) = C.

2 2

Similarly from Equations [17] and [4] we can easily see

S (0)=- S (1)
1 1

Then from Equations [6] and [17], we see that the amplitude

functions of L sB and ass are exactly the same and both are sine

waves.

When the body is not oymmetric fore and aft with respect to

the midsection, the wave from the stern can be treated separately

in a similar manner by chanCing coordinates. If ue take the

orisin at the stern, and express the source distribution for the

body by an even power series, the wave system from the stern can

be analyzed in exactly the same way as for the bow.

Therefore the solution to the zero wave drag problem for

Css can be treated exactly in the same manner as that for L sB .

12
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We now consider only CsB of Equation [61 corresponding to

the source distribution of Equation [16] along z f , y = 0,
1 1

8k r 00 (_,)n(2n)a
sB =k o exp(-k f sec 2 j ( e n sin (k x sec e)

sB k J 1 n ( sec e) 2(n-1)1
0

X cos (k y sin e sec2 e) de [18]
1

The terms for large n's become very small for the usual

range of Froude numbers, and in practice we have only to consider

just a few terms of the series given by Equation [16] (see ap-

pendix). In order to find the corresponding doublet distribution

which cancels the wave height C sB let p(z ), the doublet strength

per unit length be expressed as

00 00

4(z = bn(Z-f)n b n [19]

n =0 n= 0

on the line x = y 0, f < z < 0. Thus for f _< z 5 f

13
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7r/2 f -f1

2 nb (r+f)sec2 9
CBF - 8k 2  bnr sec 4e exp[-k 0

0 0 n=O

X sin (k1 x sec e) cos (k y sin e sec2e) dj dO

7r/2
b n != -8 n- (n-1) exp(-k f sec2e)- exp(-k f sec2e)

f k°  s ecm

0 n=O

m m
n cmsec2 m(f -f ) m

XI 0 e 9 sin(k x sec e)cos(k y sin e sec 2 e)de

m=O

[20,a]

The value of the second term for f - vanishes (see Appendix).

Thus, for f-e ,

7r/2

nb3 f s n~bn1
-8 exp(-k see) n-i ( ) sin (k x sec e)_B  -8 eT(k k nlsec 2 (-)

0 n=O 0

X cos (k y sin e sec20) de [20, b]

If te compare Equations [181 and [20,b] we obtain

14
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n

b )n (2n)! a 21
bn  a (-2n [.21]

n n! 2n+l 2n
I

as the condition that the regular waves given by Equation [1"]

be exactly cancelled out by those given by Equation [2C,b]. The

doublet distributions [19] located at x = C and extending from

z= f to z = generate a wave system .uhich for an ideal fluid

cancells completely the bow wave system due to any given source

distribution [Equation 161. In a similar manner as mentioned

before, the stern wave system can be completely eliminated

For the surface ship, we have only to consider, m(x ) of

Equation [16] as the -ourca strcnth per unit area on the center

plane y = C, for . <_ : 1, C < x _< 1. If we integrate both

[lo] and [2C] with respect to f from f = 0 to f 1, we obtain

the corresponding amplitude functions

8k f 1 2 00 -l) n(2n)'a2n f[ ,a

A(e) exp(-k f sec)(2n -l) df, [22,a]
ecf) kI Sec 3)(±

10 n=C I

and

n! b
B(e) = exp(-k f sec 2

0) n df [22,b]fl0 z kn-i se (n-1)o0
n=Ok sec

15
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If Equation [21] holds for all depths f we then get

A(O) - B(e) = O.

Thus for any vertical distribution of sources, Equations (191

and [21] will give the required bow and stern bulb shape to com-

pletely cancel the ship waves.

It should be emphasized that the b in Equation [22] is non

longer exactly the same as that obtained in the expansion of the

doublet 4(z ) in Equation [19]. From Equations [221, [19] and
1

[20] the doublet strength per unit depth is now

z
#i(z) =/ bn(Z - )n dt

0

in the domain 0 S z 1, and [23,a]
1 1

(Z ) = n=f bn(z -, )n dC for z 1 ' 1.

For the case in which the source strength does not vary with

depth

b = const
n

and

16
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d4i(z 00

dz T n

n=O

or

cc b zn+l

4(z ) = n for 05-z <51
T n+l
n=O

and [23,b]

p.(z) )= - n n+l( )n+l4 Zn+- 1z I (z 1-i) for z ! 1

n=O

Equations [23,b] show that the slope of the doublet distribution
along the line x = 0, y = 0 has a discontinuity at z - 1.

Especially if we consider the one term n = 0 (which is an im-

portant term for the practical range of Froude numbers [see

Appendix]) the bulb shape may be similar to a round pointed

pencil.

In summary, we have shown how A (e) and A (e) of Equation
1 2

[9] can be made identically zero. Thus a means of satisfying the

necessary and sufficient condition for a zero wave drag ship in

an ideal fluid has been obtained. Unfortunately this requires

the use of bulbs of infinite draft. In a later section we will

consider the effect of cutting off the doublet distribution (or

bulb) at some finite depth.

17
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QUADRUPOLE DISTRIBUTIONS

We have represented the ship shape in the preceding by an

infinite even power series (16). However, the series may not

converge too ra.)idJy, and for the higher Frolude numbers, which

we may wish to consider, the higher order terms in the series

(16), can not be neglected. Suppose we have an arbitrarily

specified polynomial of finite terms which represents the source

distribution )n the center plane (see Weinblum, 195C). Then we

have to consider the odd power terms in Equation [2] and thus

the cosine wave system occurs as well as the sine wave system in

Equation [61 and [7], starting at the bow and the stern. We

therefore have to consider some means of cancelling cosine waves.

A point doublet is a one step higher order singularity than

a point source; the wave or the flow field due to a doublet is

therefore represented by a derivative of that due to a source

with respect to the position of the source (same as the position

of the doublet) in the direction of the doublet (see Milne-

Thomson). It is well known that a submerged point source pro-

duces positive cosine waves (see Equation [I). Therefore, the

negative sine wave car, be produced by a negative doublet which

produces a closed body in the uniform stream.

Now we consider a one step higher order singularity than a

doublet which is called a quadrupole. That is, we consider two

doublets of opposite signs, with the magnitude of each strength

u, and the distance between them,a, nondimensionalized with re-

spect to H. Along the same idea of forming a doublet by a source

and a sink (see Milne-Thomson 1955), we form a quadrupole by

18
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making

lim ai = finite constant, say, ? [24]
a -* 0

which is the strength of the quadrupole. Its waves will be the

derivative of the wave height due to a point doublet with re-

spect to the position of the doublet in the direction of the

quadrupole, namely cosine waves. The sign of the waves will de-

pend on the sign (direction) of the quadrupole. That is, a

point quadrupole with the strength N° at x = 0, y = 0, z = -z

in the uniform flow V generates the wave height

1T/2

= - 8k'f? exp(-ko zsec2e)sec5e cos(k x sec e)

0

X cos (k y sin 0 sec20) de [251

where = o/(H3 L )

There are two great features of the quadrupole which will

be mentioned in the following sections. One is the same feature

which the doublet distribution had with respect to the even

power terms of the ship source distribution, but in this case

with respect to the odd terms. The other is the composition of

a point singularity which produces no wave - say, a no-wave-

singularity.

19
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COMBINATION OF QUADRUPOLE AND SOURCE DISTRIBUTIONS

We have mentioned that the odd power terms of the ship

source distribution [2] produce cosine waves and that the quad-

rupole also produces cosinc wavcs. Otherwise, both amplitude

functions have similar qualities to those of the even power

terms of Expression [2] and for the doublet. Namely, if we con-

sider the odd power terms of Expression [2] say

2n+lm=a x , in 0 _< x < i, [26]m 2n+l× I

0 _5z _5f,

then the wJave due to this source distribution starting from the

bow x = 0 Is from Equation [6]

f= 8 a2n+[l-exp(-kosec2 )](-l)n (2n+l)l X
o nl

0

X k -2(n+l) Cos2n+l e cDs(k x sec 9) cos(k y sin sec 2 @)de

[27]

In exactly similar manner as in matching the doublet distribution

to the even power terms of the ship source distribution in order

to cancel the bow waves, the corresponding quadrupole distri-

bution may be put as in Equation [23,b]
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n+2
z

in 0 : z 1 1 [28]
n+1 n+2

[z n+2 - (z -)n+2]
1 1 inli <z <c p 29]

n+l n+2 I

then from Equation [25), the wave due to this quadrupole becomes

7r/2

= 8k1f bn+l l-exp(-k0 sec
2 e) (n+l)! k0 n- x

0
q - kI  bn I2-epnk ° "

X cos 2n+e cos(k x sece) cos(k y sine sec2e)de [30]
1 1

Hence, if we make

(-l)n+Ik n+l(2n l).,

n+l (n+l)!k 2n+3 a2n+l [31]

1

the wave due to the odd power term of the source distribution

will be completely cancelled. The above argument holds for any

integer n. The stern waves due to the terms of odd power in

the source distribution can be dealt with exactly in the same

manner as those of the bow.
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In general, the bow waves have stronger sine components

than cosine components, the former depending mostly on the en-

trance angle of the ship bow. Therefore, the doublet distri-

bution is more important than that of the quadrupole. In fact,

this is the reason, which will be shown later, that the combination

in practice of optimum distributions of doublets and quadrupoles

can produce a closed body, although the quadrupole itself can not.

NO-WAVE-SINGULARITY

By Krein's proof (1955) we know that there exists no

singularity distribution which produces a finite closed body and

yet produces no wave. However, it would be very useful if we

knew of some singularity which by itself may not produce a closed

body, but may deform some closed body produced by another singu-

larity distribution when both are combined together, and which

in combining produces no additional wave resistance. Krein (1955)

first found such a special function h(x,z)which consists of an

arbitrary nice function O(x,z) of x,z,

- + k - h(x,z) [32]
6x2  o z

with boundary conditions

x - [34]

on the boundary of the domain of the singularity distribution on

the center plane of a ship. He proved that the Michell's wave
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resistance due to a ship surface f(x,z) is exactly the same as

that due to a ship surface f(x,z) + h(x,z). That is, there are

infinitely many ship body forms which have the same resistance

and volume.

Here we will see that if we use a point quadrupole in the

x direction and a point doublet in the z direction at the same

point, the combined singularity will not produce any wave in far

downstream. The wave height due to a doublet in the z direction

at the point (O,O,z ) is
r.

d =  exp(-k z sec2e)sec5 e cos(k x sec 9) X

O 0

0

X cos (k y sin 9 sec20) dO [351

Hence if we compare Equation [251 with Equation [351 it will be

easily seen that

Cd + C = 0 [36]

for

k . = [371

Since this is a point singularity and it does not produce any

wave, it can be distributed in an arbitrary manner anywhere on

top of the ship singularity distribution without changing the
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original ship wave resistance.

In fact, it can be shown that if this no-wave-singularity

is distributed continuously, this will be in effect the same as

Ki-ein's form. Bcides, by differentiating both wave heights

(d and Cq by the same parameter we may be able to construct in-

numerable higher order no-wave-singularities. Therefore in this

report we will call the aforesaid no-wave-singularity as that of

the first order.

BODY STREAMLINE SHAPE DUE TO COMBINATION OF SINGULARITIES
IN THE UNIFORM FLOW

Now to utilize the quadrupole in practice we have to in-

vestigate the way in which it produces bodies when combined with

other singularities in the uniform stream.

To be more general, we may further have to consider the

discontinuity (shoulder) in the tangent of the waterlines. Then

not only the negative doublet but also the positive doublet at

the slope discontinuity may be needed to cancel the negative sine

waves.

In the following subsections we will consider body shapes

which may be produced by combinations of various singularities

which may be utilized in improving ship shapes in order to de-

crease their wave resistance.

The streamlines produced by the three dimensional singularities

in the uniform flow may be obtained by solving the streamline

equations

dx _ dz [38]
u v W
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where

U=- + V, v = y1 - 39]

represented by distributions of singularities. This could be

solved by Runge-Kutta-Gills (Gill, 1951) numerical method.

However, the exact form of 0 due to the singularity under the

free surface even under the assumption of the linear boundary

conditions Is so complicated, that it becomes practically very

advantageous to relate the exact shape of the ship to the source

distribution, on the assumption of zero Froude number. For

example, Inui (1957) used this approximation (double model); he

verified the sufficient validity of his method for moderate

Froude numbers by comparing theory and his experiments. This

method could be used here to find the relation between singu-

larity distributions and ship shapes, as In the case of ships

with no-wave singularities and with bulbs made of doublets and

quadrupoles. However, considerable Insight is gained with much

greater simplicity by considering only special simple cases, as

the two-dimensional case for instance. Herein we discuss the

problem using dimensional quantities unless specified.

TWO-DIMENSIONAL DOUBLET AND QUADRUPOLE

The complex potential due to a doublet with the strength

- u < 0 and a quadrupole with Its strength ? > 0, with both

directions parallel to the x axis, in a uniform flow is
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W = 0 + i = - Vz - + 2 [40]z z2

where z = x + iy

Hence the stream function is

Vy + 
y  2\xy

x 2+y2 (x2 +y2 )2

-Y [V (X2 + y2 ) - 2 +2x[41

x2 +y2 x-+ y2

If we use polar coordinates

x = -cos G, y= 'sin e

we can easily see that the dividing streamline is

y= 0

and

2 = E _ 2  cos e [423
V V r

This means that the body is deformed from the sphere

r 2= [43]V
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extending (or shrinking) r by an approximate amount of 2Cos7-V

in each direction. In order to have a closed body such that all

streamlines inside the surface streamline are wholly contained,

the magnitude of ? should not be too large. To obtain the

limiting value of 'N, we have only to consider the point e = 0.

We put

f(-) = - r- + 2A [44]
V V

and notice f(r) =2 7 > 0 when both y = 0 andy =\ . And

f I 1 = 0 at a' = V

Hence if

3V3h < V

or

V ([45]

there exist two roots of f(r) =0 In 0 - r F That is,

when X becomes large from X = C within the limit of the inequality

(45), Equation [44] represents two separate closed streamlines

such that one is inside the other (see Figure 5a). If X becomes

larger than ( ) , the Inner streamlines which were inside
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the inner closed streamline when 3 V , pop out and there

will be only one closed streamline (see Figure 5b). Therefore

'N should satisfy the inequality (45) in order that a meaningful

body exist. Figures 6 and 7 shou examples of the dividing

streamlines. When N is negative the body form uill be reversed

along the x axis, and the condition on the magnitude of -N and 4

is exactly the same as in the previous case.

A SIMPLE SOURCE AND A DOUBLET IN A UNIFORM STREAM

Consider a point doublet uith the strength 4 > 0 at

z = x + iy = 0 combined with a point source with its strength

m>o at z = zo . Then the complex potential w will be written

w = Vz - m log (z-zo ) + E 146]

The stream function is

Vy- m tan- 1.2. - [471
x-x x2 2+ y2

By

x = r c)s 0, y = sin 0

= - Vr sin e me - sin 0 [4o]
r

where
& = arc tan(14io

Z X-X O
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Hence the body streamline is obtained by putting T =-mr. Non-

dimensionalizing Equation [46] by Vh = mr

- sin 9 + r (G /r-l) + 4 sin 0 = 0 [49]
1

The streamline due to a source in the uniform flow is well known

(see e. g. Milne-Thomson, 1955 P. 199). The combination of source

and a positive doublet produces a neck. The strength of the

doublet should satisfy

< 11501

in order for the body streamline to make physical sense. The

dividing streamline is plotted in Figure 8 as an example, for a

special value of ±.

A SIMPLE SOURCE AND A NO-WAVE-SINGULARITY OF THE FIRST ORDER
IN A UNIFORM STREAM

We consider the n-uave-singularity, a quadrupile in the

x direction with strength X and a point doublet in the z di-

rection w.ith the strength 4, both located at the origin, and a

point source at z in tiwo dimensions. The comp3lex )otential

due to these singularities is

V1 = P + iT = - Vz + i L + - m log (z-z) 1511z -2o

Hence the stream function is
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=x 2Nxy -m tan -  I [52]
x2 + y2  (x'+ y2 )2  X-x

Since thp no-wave-singularity does not produce any extra fluid,

= - mr which is the dividing streamline for the half body due

to a simple source in the uniform stream will still be the

dividing streamline in this case. mir

If we nondimensionalize T by hV where h = is the radius

of the half body due to a point source, the dividing streamline

can be written as

-- -2 
] [53]

-1 = y - + X [X + ( - - ]

where

y= y/h, x = x/h, = /(Vh 2), X = \/(Vh3 ), e1=tan -IY-Yo
x - XO .

Although it is very hard to see the exact shape of the dividing

streamline wihout plotting x and y If Equation [53] it may be

easy to see just how the original half body streamline is dis-

torted by the no wave singularity. The last term in Equation_[53]

is positive inside the circle K ( center at (C, 7 ); radius, _ )

and x < 0, and outside the circle K and x > 0; and negative in-

side the circle K and x > C, and outside K and x < 0. When

x-' + >> 1 the distortion of the original dividing streamline
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is small. The distorted streamline will be of the shape shown

in Figure 9. The no-wave-singularity has from Equation [37] the

property of

-_V, 1__ =F 2

gh k kh  h

For L <6h and FL >0.3, Aip >0.5. Hence, for the moderate FL,

the circle K may cut the uplJer dividing streamline but not

the lower one and there are ti.;: wiggleo in the upper dividing

streamline and only one wiggle at lower Dne as in Figure 9.

FINITE DOUBLET DISTRIBUTION

SUBMERGED AXISYMMETRIC BODY WITH FORE AND AFT SYMMETRY

In order to determine the effect )f limiting the doublet

distribution to a finite depth we examine the difference be-

tween the expressions for CBF as given by Equation [2C,a] w~ith

that for CB of Equation (2C,b].

r/2 bn n m eMe(flf)m/ b n' k  s e c ' e f - f

8. f exp(-k f sec2e)' n-i (n-1) MJo0 : k s ec2"

0 n=O 0 m=O

X sin(k x sec e)cos(k y sin e sec2 0) dO [54,a]
I I

This is the uncancelled wave system resulting from cutting off

the doublet distribution at depth f . Thus instead of each term
I

of the series in CB + QSB being zero there will be a remainder,
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/ b n! n km sec2mS(f -f)m= x(- f sec-e)n
Rn exp(-k n-l sec2 (n - 1 ) 0  m!

0 m=O

X sin(k x sec G)cos(k y sin 6 sec2
0) dG [54,b]

The magnitude of Rn can be easily estimated as

b n! n k m(f f)m

<Rn <8 exp(-k f) n

k
0 m=O

e.g. [54,c]

qRo 0 8 exp(-k °

CR i  < 8 exp(-kof bo I + ko(f.-f) etc.

Fsr the usual range of Froude numbers, tRo is the dominant

term (see Appendix). This decreases exponentially uith increas-

ing k f . Although for increasing n, tRn decreases more slowly

with increasing k f , its magnitude becomes increasingly smaller

than Ro Therefore, even if the wave amplitude is not com-

pletely cancelled out the doublet distribution still has a sub-

stantially favorable effect on each term.
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SHIP WITH FORE AND AFT SYMMETRY

For a finite draft ship whose source distribution is

independent of z, Equations [20], [21] and [22,b] give for the

wave height at large x due to the infinitely deep doublet dis-

tribution alone

7/2

B 8 (1- exp(-k sec20 ) k nne sin (ic x sec 9)

0 n=0 o

X cos (k y sin 0 sec 29) dO [56,a]
1

Equation [56,a], of course, also represents the negative of the

wave system due to the ship bow where b is obtained from Equa-n

tion [211.

If we omit the doublet distribution from the point

z = f > 1 to z = o, we obtain the uncancelled wave height

due to this by integrating the second term in Equation [20,a]

with respect to f from 0 to 1.

S/2n (f r+l (f 1l)r+l r-n+l

YR Rn = 8 j exp(_ko0f sece )Zbnn Z ( s 2 (n-r-1)
n=O o n=C r=O

X sin (k x sec O)cos(k y sin e sec2 9) dO [56,b]
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This is formally similar to Equation [24,a]. As in Equa-

tions [24,b] and [2 4 ,c], we can write

-Ro K 8 exp(-kof ) b k

R < 8 exp(-i: f) b ( 1 - 2 k

etc.

Therefore the same comment about Equation [54,a] can be applied

to Equation [56,a] that is, the uncancelled wave height, t-R of

Equation [ 56, I] decreases almost exponentially* with increasing

k f for the usual range of Froude numbers.

To obtain the approximate correction we may use a per-

turbation method. We replace bn by b n(l+En ) In Equations [56,a]

and [56,b]. The sum of these two newly formed equations gives

the wave height produced by the perturbed doublet distribution

of depth f. When we subtract from this the wave system due to

the ship bow as given by the negative of' Equation [56,a] we ob-

tain for each term of the resulting series

i/2 (1- e 1,P(-k sec 2 )) exp(-k f sec 2 0)

I - 8b oe€p((l+snc o))
n n .n en n-( n C n ec2n*e 0 ic .e 0

a a
o

n r+- ,1 r+l r+1
X1 sin(vc x sec0)cos(k ysin~sec20)dO.

r=O (r+l)!cOs2(r+l)0 571
4[57,a]
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The wave resistance represented by the first term in the wave

system 10 (putting n = 0 in Equation [57,a] except for a con-

stant factor is

r/2
kose 2o -kof sec 2e2

R(Io)=f 0o ( e -(i+C )e koseC2 O cos 3 OdO dO

0

= e 2 -ko2ko/(lk)_
E 3 +  o2 e G (ko)-4e G -2Eo(i+Eo) k

0- 2 -2 0 0

-kof1/2G k of -e (ko+ko f )/2 k ok o f

-k f

+ k 2 (1+Eo) 2  e 2 K (k f)
0 0 20 0.

where w/2 - k

/2exp(-2k sec 2G)seC2l -n G (k )(See Yim 1962a)

G_ k 0f ko 0 KI _oj Ko k f
o2 - 2 2 - -

k
G_ (ko) =-# K0(k0) + 2 kK(k) -2k K ( ko)

2 0 3 K1k 0 )±2k0 0 0 0

Ko(k), K (k) are the modified Bessel functions of the

second kind of zeroth and first order respectively. Hence the
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value of c which makes R(I ) minimum is E --2

0 0 2a

where

2 + k2e (k - k/2 (ko)
3 -2 0 -2

-2k e-f/2G k0f1 e (k 0 ( f1)2G1k0+ 0f1 + -kfK(-1 2 2 0 2 0 01

2k e- k0 f 1 / G_ k f 1- kokf)/2 Gk )+k2 2 K (
I-kf fkf -ko+kof o

/3=-k~ e 0  G 2)-e 0 O k~~)2o - 2 -1 2

-k f
+ k 2 e 1 1 K 0(kof)

The values of E for different Froude numbers and f = 1 are
0 1

given in Table 1. The values of E for nkl can be calculated
n

as above. Hzwever, since these are not so important in the

usual range of Froude number, a rough and easily obtained ap-

proximation may be sufficient.

Using the method of stationary phase for y = 0

I r Le-ko -k f n If r+l_( f _l)r+l k r+l]1
nn -(cn)en o

=-8 k n n n k°  (r+l)

X sin (k x + i'). [57,bb]
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If we put I = 0
n

n nn+l

eko' [ fr) k 0o(f I l0) - k 1  - [1)c

T m!

m=l

Equation [57,c] is evaluated for f = 1 and different Froude
1

numbers, from n = 1 to n = 3 are shown in Table 1. For f = 1,
1

n+l k I.,

En mn+l k [57,d]
k° k

e -1 -
m:

m=1

We note that E in 157,c] Is not a function of an or bnn n

but only of f , ko, and n, and is always positive for f 2! 11 1

since the numerator in Equation [57,c] is positive, and the de-

nominator in Equation (57,c] is larger than that of Equation

[57,d]. The latter is positive due to the fact that
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n+l m, k°
1 + 0

m=l

k
is a partial sum of the series expansion of e . (This is also

true for y / 0 in Equation [57,a]. Hence if the b 's are all
n

positive (as for the sine ship treated in the next Section), each

horizontal section of the bulb represented by Equations [21] and

[23,b] in 0 z : 1 will be smaller than any corrected bulb.
1

Since we determined n from the stationary phase at y = 0,n

E nS (n 1) in Table 1 are overestimated, or rather Equations

[21] and [23,b] with bn (1+En) instead of b would indicate the
n n

upper bound of the size of bulb for minimum wave resistance sub-

ject to the conditions of this method.

In order to find the exact optimum doublet distribution on

0 : z : f for the minimization of the wave resistance duc to a
1

given ship it is better to attack this problem by a somewhat dif-

ferent approach. That is, we determine the unknown coefficients

bn of the doublet distribution directly by minimizing the wave

resistance of a given ship with the bulb (see Yim, 1962b). This

is equivalent to the present method provided we obtain E byn

minimizing the wave resistance due to the complete uncancelled

wave system directly. c is not necessarily always positive,n
since in this case there are many extra cross product terms.
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According to Figures la and 2a, the exact optimum bulb is thinner

near the free surface and thicker near the keel than the one cor-

rected by the method given in this paper.

It should be mentioned here that there is no interaction

between the bow and the stern waves for the ideal doublet dis-

tribution since in this case the bow and stern waves are separately

cancelled out by the bow and stern bulbs respectively. However

for the finite doublet lines there exist interactions and the

curves of wave resistance versus Froude number have humps and

hollows. Therefore the design Froude number of the ship would

normally be selected so that it falls at a hollow on the resist-

ance curve. However, since the optimum bulb at the bow or the

stern for each Froude number has the effect of smoothing out the

resistance curve to a great extent (Yim, 1962a) the unfavorable

effect of not falling on a hollow is usually outweighted by the

advantage of using an optimum bulb.

CASE OF SINE SHIP

Inui (1960) pointed out that the smaller the Froude number,

the greater becomes the importance of the first term In Equa-

tion [161. In the practical case we need not take many terms in

the series. At troderate ship speeds even one term will be enough

since the second term of the series [161 produces wave heights of

the order 1/k 2< 0.01 for F = .3 while the first term is con-

sidered to be of order 1 (see Appendix). This is ciatural since

it is well known that the first term of the series [161 for the

source distribution of the ship is proportional to the angle of

entrance of a ship and the angle of entrance has a great Influence

on the wave resistance.
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As an example, the first four terms of the cosine series

will be taken for the source distribution in Equation [161.

Then the corresponding ship will be a sine ship in the Michell's

sense. The coefficients a are taken such that the ship half-n

breadths are nondimensionalized with respect to the half beam and

the stations are measured from the bow and nondimensionalized with

respect to the ship length L. The values of an, b from Equa-n

tion [211, and E from Equation [57,c] for different Froude num-n

bers and length-draft ratios are shown in Table 1. The corres-

ponding doublet distributions, Equations [211 and [23,bb] without

perturbation corrections, in 0 ! z 1 1, for different Froude

numbers are plotted as the solid curves in Figures la and 2a.

Also shown in these figures for purpose of comparison, are cor-

responding curves determined from the exact ship wave resistance

minimization theory based on finding directly the optimum doublet

distribution for a given ship with a bulb which does not extend

below the keel (see Yim, 1962b).

The two dimensional approximate relation of bulb radius r

and the strength of doublet u per unit length of z is 4 = r 2 V.

This relation, although overestimating the actual radius r, is

used as an alternate means of expressing the nondimensional doublet

strength in Figures la and 2a in order to give some idea of the

approximate area distribution of the bulb.

The remarkable reductions of wave resistance due to the

bulbs for both cases are shown in Figures lb and 2b. The bulb

sizes near the keel (z = -1) determined from Equation [211 are

very much smaller than those shown by the exact method illustrated
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by the broken curves although near the free surface the former

are slightly larger than the latter. The Froude number of least

resistance, where the reduction of wave resistance is almost 90

percent, is usually less than the Froude number for which the

calculation of the doublet distribution [21] was made. This is

due to the fact that we have cut off the infinite ideal doublet

distribution at the keel. The figures of doublet distributions

[211, uncorrected by perturbations, appear to be almost linear

in 0 z ! - 1. This indicates the importance of the first term

b a of the series for the doublet distribution [21] or the first

term a of the series for the source distribution for a ship in

the practical range of Froude numbers, as pointed out earlier and

in the Appendix. That is, the equation for the first term in the

doublet series b = a /k is a very simple but very important

approximate relation between the ship and the corresponding bulb.

It is clear from the equation for the perturbation [571, and

Table 1 that the nonlinearity increases when the length of bulb

becomes smaller. Hence it may be desirable to increase the mag-

nitude of the doublet strength near the keel or rather extend

the doublet distribution below the keel if possible according to

the methods indicated in Equation [571. However, according to

Figures lb and 2b the doublet distribution of Equation [21] which

gives a much smaller bulb than the exact optimum one results in

a very favorable effect even without the perturbation corrections.

Besides even these bulbs are quite large when the Froude number

i,. large. In fact we may expect that the effects of viscosity,
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cavitation, and other design conditions would ultimately deter-

mine the maximum bulb size at these Froude numbers.

CASE OF THE PARABOLIC SHIP

When we consider the source distribution

m = c (1 - 2x) in 0 z 1 [58]
1

Michell's linear ship relation

m(x) = 1 6

will Indicate that this is a parabolic ship with

1 B
C -" -

7rL

where B/L is the beam-'length ratio.

Since we have En even power and an oe- power term in Equa-

tion [58], the bow waves contain both the lne and cosine com-

ponents. To cancel the sine bow waves we need to put a doublet

line of the strength from Equation [23,b]

0 :5z 1
c k

l z
c k 1

1
c k2
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The effect of doublet lines, both the ideal distribution cut off

at the keel and the optimum finite distribution has already been

demonstrated for a sine ship. In Figures 3a and 3b the optimum

finite doublet distribution for the parabolic ship and the cor-

responding bow wave resistance with and without the doublet dis-

tribution are shown (the process of calculation is discussed in

Yims paper of 1962b).

To cancel the cosine bow waves we need to superimpose the

quadrupole line of the strength from Equations [28] and [29],

k
-0 z 2 inO z 1

C k 3 1

1

k (2z -1)
c - k [z 2 - (z -1)21 = k 1 in 1 : z

1 k 0 31 k
1

k is usually larger than 1 and quite large if Froude number is
1

small. k is smaller by the factor of the draft length ratio0

than k . Hence inequality (45 ) would be satisfied for quite a1

large z for moderate Froude numbers but eventually inequality
1

(45) is violated for z larger than a certain number. However
1

the effect of cutting the line off at a large z may not be

serious as was shown for the case of doublet.

The wave resistance due to the cosine bow waves of the para-

bolic ship with and without the ideal quadrupole line cut off at
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the keel are shown in Figure 4b. The optimum quadrupole strength

and the wave resistance with and without the optimum quadrupole

(see Yim 1962b) is also shown in Figures 4a and 4b. Although the

effect of the quadrupole line is not as prominent as that of the

doublet for the sine wave, even the ideal quadrupole line cut off

at keel is shown to be quite favorable for moderate Froude numbers.

The wave resistance due to the cosine component of the bow waves

even without the bulb as is shown in Figure 4b, is quite small

compared to that due to the sine component. However, in practice

the cosine components seem to be much larger than in this theory

due to the change of the actual body streamlines caused by boundary

layers and wakes.
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APPENDIX

Since a is the coefficient of a power series which re-
2nl

presents the source distribution of a ship, it is usually com-

2 r

parable to the cosine series where a = (_1) n  Vi
2n (2n) I

therefore seems reasonable to assume that (2n)! a < Mw 2 , M =
2n

finite number, for all n. For usual ships F2 1 1 Be

sides the integral

v= 2 2 n-i d 2.4.---.2(n-l)

C - -(2n-i)

is decreasing with increasing n. Hence a typical term in the

Equation [18] for the wave height due to the ship can be esti-

mated as

w/2 -k f sec e (2n)'a

f e o an sin(k x sec e)cos(k y sinesec 2 e)de
0 (k sec .),(n-1)

I

-k f r/2 Cs2 (n-l) MC -k f
< ef of (k/r)2(n-l)-1) d (k ,/r)2 (n -1

1 1

Since r/k is a small number usually, it is clear how rapidly

1

the integral (Al] decreases when n increases. Hence in practice

we do not need to take many terms of the series in determining
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the optimum bulb. That is, the magnitude of the corresponding

terms for the doublet distribution decrease very rapidly in the

usual range of Froude number. Therefore we have only to con-

sider the case of finite n when wje consider the limiting case of

z -o ; i.e. the effect of the infinitely long doublet distri-
1

bution from Equation [20,a]. For the case of a finite doublet

distribution we have

~-k f sec 0
7r/2 ( e-k0feC2

B 8  f n non-l sec2(n-l)0

n=O 
0

-e fsec20sin(k x se )

z (n-r):k r-l sec2(r-)e )

r=C 
0

X cos (k y sin 0 sec2 ) da
1

Let us denote the terms die to the limit f by R . Then for a
1 n

finite n

lim

f CO R -0
~n

because lim -k f
0

f -- e (fl-f)n=o

The argument is the same when the amplitude functions are given

by Equation [22].
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ORIGIN WITH THE DIRECTIONS PARALLEL TO THE AXIS



HYDRONAUTICS, INCORPORATED

z

z L

0

w c
-i a

0 0a

w w~~m 0

o co

~ 0 w

MI.-

0-J0

_-J

4
0L
0z

0

0

CL

La.



HYDRONAUTICS, INCORPORATED

xC

w

t1.I> <I>0

W-
_-j

L*J
w M

w z

-z

40
z CL

0w

L



HYDRONAUTICS, INCORPORATED

W~ 20
-o

mw :
0

0 -

I-oc
D 4
0 0

I. -4

N .)

ww

2 0
0 U)

w
20

0 0
LI) I

I-D

2w
0ir



HYDRONAUTICS, INCORPORATED

-J
0

0 -0I0
z
(L w

00

ITI

+I0

0

- ~ z

0~ ow

I ~0-
02z

S Id

0

0-a
4

"ou
Id 0

0

Cj 1
0-



HYDRONAUTICS, Incorporated

-i -

DISTRIBUTION LIST

Contract Nonr-3349(00)
Task NR 062-266

Chief of Naval Research Chief, Bureau of Ships
Department of the Navy Department of the Navy
Washington 25, D. C. Washington 25, D. C.
ATTN: Codes 438 3 ATTN: Codes 106 1

461 1 310 1
463 2 312 1
466 1 335 1

Commanding Officer 420 1

Office of Naval Research 421 1

Branch Office 442 1

495 Summer Street 442 1

Boston 10, Massachusetts 1 449 1

Commanding Officer Chief, Bureau of Yards and Docks

Office of Naval Research Department of the Navy
Washington 25, D. C.

Branch Office ATTN: Code D-400 1
340' Broadway
New York 13, New York 1 Commanding Officer and Director

Commanding Officer David Taylor Model Basin

Office of Naval Research Washington 7, D. C.

Branch Office ATTN: Codes 108 1

1030 East Green Street 142 1

Pasadena, California 1 500 1
513 1

Commanding Officer 520 1
Office of Naval Research 526 1
Branch Office 526A 1
1000 Geary Street 530 1
San Francisco 9, California 1 533 1

Commanding Officer 580 1
Office of Naval Research 585 1
Branch Office 589 1

Navy No. l00,Fleet Post Office 591 1

New York, New York 25 591A 1
700 1

Director Commander
Naval Research Laboratory U.S. Ordnance Test StationW.aS.iOrnance Tet Statio
Washington 25, D. C. China Lake, California
ATTN: Code 2027 ATTN: Code 753 1



HYDRONAUTICS, Incorporated

-ii-

DISTRIBUTION LIST

Commander Commander

U. S. Naval Ordnance Test Station Planning Department
Pasadena Annex Norfolk Naval Shipyard
3202 E. Foothill Blvd. Portsmouth, Virginia
Pasadena 8, California 1
ATTN: Code P-508 1 ComanDePlanning Department

Commander Charleston Naval Shipyard
Planning Department U. S. Naial Base
Portsmouth Naval Shipyard Cnarleston, South Carolina 1
Portsmouth, New Hampshire 1 Comma nd er

Commander Planning Department
Planning Department Long Beach Naval Shipyard
Boston Naval Shipyard Long Beach 2, California 1
Boston 29, Massachusetts 1 Comma nd er

Commarder Planning Department Plarnlrig Department
Pearl h3rbor Naval Shipyard U. S. Naval Weapons Laboratory
Navy Nc. 128, Fleet Post Office Dahlgren, Vlrginia 1
San Francisco, California 1 Commander

Commander U. S. Na,,l Ordnance Laboratory
Planning Department White Oak, Maryland 1
San Francisco Naval Shipyard
San Francisco -4, California I D p. A. .xreComputat lor, arid Exterior

Commander B-alliatics Laboratory
Planning Department U. S Na ',l Weapors Laboratory
Mare loland Naval Shipyard xhilgren, Virglnia 1
Vallejo, Califorria 1 Super ' t ena ent

Commander i] S. Na,al Academy
Planning Departmert Arnajolis, Maryland
New York Naval Shipyard AT'N. Library
Brooklyrn 1, New York 1 Super inirendent

Commander U. S. Naval Postgraduate School
Planning Department Monterey, Califoinia 1
Puget Sound Naval Shipyard

Bremerton, Washington 1 Commandant
d. S. Coast Guard

Commander 1300 E. Street, N. W.
Planning Department Washington, D. C. 1
Philadelphia Naval Shipyard Secretary Ship Structure Committee
Phil. aelia1 en. U. S. Coast Guard HeadquartersPh ilad elph ia 1 ,2 , Penn , 13 0 E S t e , N . W

1300 E. Street, N. W.
Washington, D. C. 1



HYDRONAUTICS, Incorporated

-iii -

DISTRIBUTION LIST

Commander Director
Military Sea Transportation Langley Research Center

Service Langley Field, Virginia
Department of the Navy ATTN: Mr. J.B. Parkinson 2

Washington 25, D. C. 1 Mr. I.E. Garrick 1

U. S. Maritime Administration Mr. D. J. Marten 1

GAO Building Director
44 1 G. Street, N. W. National Bureau of Standards

Washington, D. C. Washington 25, D. C.

ATTN: Division of Ship Design 1 ATTN: Fluid Mechanics Div.

Division of Research 1 (Dr.G.B. Schubauer) 1

Superintendent Dr. G.H. Keulegan 1

U. S. Merchant Marine Academy Dr. J. M. Franklin 1

Kings Point, Long Island, N.Y. Armed Services Technical

ATTN: Capt. L.S. McCready Information Agency

(Dept. of Engineering) 1 Arlingtcn tall Station

Commanding Officer and Director Arllngtor. 12, Virginia 10

U. S. Navy Mine Defense LaboratorOffice of Technical Services
Panama City, Florida 1 Departmenit of Commerce

Commanding Officer Washington 25, D. C. 1

NROTC and Naval Administrative

Unit California In:ti ute of

Mass. Inst. of Technology TPenrology

Cambridge 39, Massachuetts 1 Pasadena , California

ATTN: Prof N1. S. Plesset 1

U. S. Army Transportation Prof. T. Y. Wu I
Research and Development Command Prof. A.J. Acosta 1

Fort Eustis, Virginia U;Kverrity of California
ATTN: Marine Transport Division 2 Depnrtment off Engineering

Director of Research Lo. Angeles 94, California
National Aeronautics and Space ATTN- Dr. A. Po,6.ell 1

Administration

1512 H. Street, N. W. Diector
Washington 25, D. C. 1 Scpnstiuth o

Cc eanogra phy

Director Engineering Sciences Div.Unlversity of California

National Science Foundation La Jolla, California 1

1951 Constitution Ave., N, W. Professor M.L. Albertson

Washington 25, D. C. 1 Dept. of Civil Engineering

Colorado A and M College

Fort Collins, Colorado 1



HYDRONAUTICS, Incorporated

-iv-

DISTRIBUTION LIST

Prof. J. E. Cermak Professor J. J. Foody
Dept. of Civil Engineering Engineering Department
Colorado State University N. Y. State Univ. Maritime
Fort Collins, Colorado 1 College

Fort Schulle,, No,,,, York i
Professor W.R. Sears
Graduate School of New York University

Aeronautical Engr. Inst. of Mathematical Sciences
Cornell University 25 Waverly Place
Ithaca, New York 1 New York 3, New Yrk

State University of Iowa ATTN: Prof. J. Keller 1

Iowa Inst. Hydraulic Research Prof J. J. Stoker 1

Iowa City, boa Prof.R. Kraichnan 1

ATTN: Dr. H. Rouse 1 The Johns Hopkins University
Dr. L. Landweber 1 Dept. of Mech. Engineering

Harvard Univercity Baltimore 18, Maryland

Cambridge 38, i'sachusetts ATTN: Prof. S. Corrsln 1

ATTN: Prof. G. 3irkhoff Prof. O.M. P1hillips 2

(Dep.t. of Mathematics) 1 Mass. Inst. of Technology
Prof. G.F Carrier Dept. of Naval Architecture
(Dept. of Mathematics) 1 and Marine Engineering

Mass. ist. of Technology Cambridge 39, Massachusetts

Cambridge 39, Massachusetts ATN: Prof. M.A. Abkowits 1

ATTN: Department of Naval Dr G. F Wislicenus
Architecture and Marine Ordnance Research Laboratory
Engineering 1 Penn State University
Prof. A. T. Ippen 1 U:11verslty Park, Pennsylvania 1

University of Michigan ATTN Dr. M. Sevlk

Ann Arbor, Michigan Professor R. C. DiPrima
ATTN: Prof.R. E. Couch Department of Mathematics

(Dept. of Naval Arch) 1 Rensselaer Polytechnic Inst.
Prof, W.W. Willmarth Troy, Neu York
(Aero. Engr. Dept.) 1
ro..S. Dbepto) 1 Stevens institute of Technology

ProfM. . UbroiDavidson Laboratory
(Aero. Engr. Dept.) 1 Dasont batoCastle Point Station

Dr. L. G Straub, Director Hoboken, News Jersey
St. Anthony Falls Hydraulic Lab. ATTN: Mr. D. Savitsky 1
University of Minnesota Mr. J. P. Breslin 1
Minneapolis 14, Minnesota I Mr. C. J Henry 1
ATTN' Mr. J. N. Wetsel 1 Mr. S. Tsakonas 1

Prof. B. Silberman 1



HYDRONAUTICS, Incorporated

-v-

DISTRIBUTION LIST

Webb Institute of Naval Institut fur Schiffbau der
Architecture Universitat Hamburg

Crescent Beach Road Berliner Tor 21
Glen Cove, New York ..amburg 1, Germany
ATTN: Technical Library 1 ATTN: Piof. G. P. Weinblum,

Director Di-ector

Woods Hole Oceanographic Inst. Max-Planck Institut far
Woods Hole, Massachusetts 1 Strfmungsforuchung

Commander Yottingerzlbm we '/'8
Air Research and Development Com. Gotzingen, Germany

Air Force Office of Scientific ATTN: Dr. H. Reichardt

Research Hydro-og Aerodynamisk
14th and Constitution Avenue Laboratorium

Washington 25, D. C. Lyngby, Denmark
ATTN: Mechanics Branch 1 ATTN: Prof. Carl Prohaska

Commander Skipsmodel 1 tanken
Wright Air Development Division Trondheim, Norway
Aircraft Laboratory ATTN: Prof. J.K. Lunde
Wright-Patterson Air Force Versuchsan-tit far Wasserbau

Base, Ohio und chit'bau

ATTN: Mr. W. Mykytow, Schleu!enInrsel im Tiergarten
Dynamics Branch 1 -r1i. Germany

Cornell Aeronautical Laboratory ATTN: Dr. S. Schuster, Dir.
4455 Genesee Street
Buffalo, New York u year HogepastE

ATTN: Mr. W. Targoff 1

Mr. R. White 
i J ua a 1

ju!_lai.-al-i an 132?

Mass. Inst. of Technology Delft, Netherlands
Fluid Dynamics Research Lab. ATTM Pro f. R. Timman
Cambridge 39, Massachusetts ;ureau D'Anrlyoe et de Techerche
ATTN: Prof. H. Ashley 1 Applqueec

Prof. M. Landahl 1 2 Sue Joseph Sansboeuf
Prof. J. DugundJi Paris 8, France

Hamburgische Schiffbau- ATTN: Prof. L. Malavard 1
Versuchsanstalt Netherlands Ship Model Basin

Bramfelder Strasse 164 Wageningen, Netherlands
Hamburg 33, Germany ATTN: Dr. Ir.J.D. Van Manen I
ATTN: Dr. 0. Grim 1

Dr. H. W. Lerbs 1 Allied Research Assoc., Inc
13 Leon St, Boston 15, Mass.
ATTN: Dr. T. R. Goodman



HYDRONAUTICS, Incorporated

-vi-

DISTRIBUTION LIST

National Physical Laboratory Mr. J. G. Baker
Teddington, Middlesex,England Baker Mfg. Company
ATTN: Head Aerodynamics Div. 1 Evansville, Wisconsin

Mr.A. Silverleaf 1 Director, Dept. of Mech.

Head, Aerodynamics Department Sciences
Royal Aircraft Establishment Southwest Research Inst.

Farnborough, Hants, England 8500 Culebra Road
ATTN: Mr. M.O.W. Wolfe 2 San Antonio 6, Texas

ATTN: Dr. H.N. Abramson 1
Boeing Airplane Company Mr. G. ras n

Setl iiinMr. G. Ransleben1Seattle Division

Seattle, Washington Editor, Applied

ATTN: Mr. M.J. Turner 1 Mechanics Review

Electric Boat Division Convair
A Division of General DynamicsGeneral Dynamics Corporation SaDigClfra

Grotn, CnnecicutSan Diego, CaliforniaGroton, Connecticut

ATTN: Mr. Robert McCandliss 1 ATTN: Mr. R.H. Oversmith 1

Mr. A.D. MacLellan 1
General Applied Sciences Labs,Inc. Mr. H.T. Brooke

Merrlck nd Stewart AvenuesWetbury, L.i.. New York *I Dynamic Developments, Inc.
15 Berry Hill Road

Gibbs ard Cox, Inc. Oyster Bay, L.I., New Y_rk 1
21 West Str.eet Dr. S. F. Hoerner
New Yrk, New York 1 48 Busteed Drive

Grumman Aircraft Engr. Corp. Midland Park, New Jersey 1
Bethpage, L.l. New York

ATFN~Mr ~ Baid 1 and Development Corp.ATrN" Mr. E. Bnird 1

Mr. E. .Boer 1 13o00 Deise Avenue
Cleveland 10, Ohio

Grumman Aircraft Engr. Corp. ATTN- Dr. A.S. lberall 1

Dynamic Deelopments Division
Babyon, ew Yrk 1 U. S. Rubber Company

Research and Development Dept.

Lockheed Aircraft Corporation Wayne, New Jersey

Missiles and Space Division ATTN: Mr. L. M. White
Palo Alto, CaliforniaaT Rlto, CaliKrna 1 Technical Research Group, Inc.ATTN: R , W. Kermeen 1 2 A r a a2 Aerial Way

Midwest Research Institute Syosset, L. I. New York

425 Volker Blvd. ATTN: Mr. Jack Kotik 1

Kansas City 10, Missouri

ATTN: Mr Zeydel 1 Mr. C ieFlat 102

.)-9 Charterhouse Square
London E.C. 1, England 1



HYDRONAUTICS, Incorporated

-vii-

DISTRIBUTION LIST

AVCO Corp., Lycoming Div. Chief, Bureau of Naval Weapons

1701 K. St., N. W. Apt. 904 Department of the Navy

Washington, D. C. Washington 25, D. C.

ATTN: Mr. T. A. Duncan 1 ATTN: Ccdes RUAW-4 1

Curtis-Wright Corp. Research RRRE 1

Division RAAD 1

Turbomachinery Division RAAD-222 1

Quehanna, Pennsylvania DIS-42 1

ATTN: Mr. G. H. Pedersen 1

Hughes Tool Company
Aircraft Division
Culver City, California
ATTN: Mr. M. S. Harned 1

Lockheed Aircraft Corporation
California Division
Hydrodynamics Research
Burbank, California
ATTN: Mr. Kenneth E. Hodge 1

National Research Council
Montreal Road
Ottawa 2, Canada
ATTN: Mr. E. S. Turner 1

The Rand Corporation
1700 Main Street
Santa Monica, California
ATTN: Dr. Blaine Parkin

Standford University
Dept. of Civil Engineering
Standford, California
ATTN: Dr. Byrne Perry 1

Dr. E. Y. Hsu 1

Waste King Corporation

5550 Harbor Street
Los Angeles 22, California
ATTN: Dr. A. Schneider 1


